The synergistic and inhibitory interactions observed between Fibrobacter succinogenes A3c, Prevotella ruminicola H2b, and Ruminococcus flavefaciens B34b in the digestion of forage cellulose were studied in detail. Orchardgrass and alfalfa hays, both at two maturity stages, were used as substrates. Sequential inoculation procedures were developed whereby a second inoculation was made after the initial fermentation was killed. Total cellulose digestion from sequential addition of the organisms was then compared to values obtained in simultaneous coculture. When the noncellulolytic P. ruminicola was co-cultured with either of the two cellulolytic species ( F. succinogenes or R. flavefaciens) forage cellulose digestion numerically increased over that of the cellulolytic species alone. In contrast, decreases from co-culture values were noted with sequential addition of the organisms. When F. succinogenes and R. flavefaciens were co-cultured, cellulose digestion was reduced compared to F. succinogenes alone. However, no such reduction was observed when the organisms were added sequentially. Further experiments indicated that this inhibitory activity is only produced when the organisms are co-cultured and is stable to autoclaving at 121°C for 20 min. Inhibition of this type could be the result of bacterocin production by one of the organisms; however, most bacterocins are destroyed by autoclaving.
Introduction
The major constraint to degradation and utilization of intact plant cell wall polysaccharides by ruminal microbes seems to be substrate inaccessibility (Dehority, 1991) . The complex cell wall matrix differs considerably both between various plant species as well as with stage of maturity and protects cellulose polymers to varying degrees from attachment of the cellulolytic ruminal bacteria and their corresponding enzymes (Dehority and Johnson, 1961; Akin and Barton, 1983; Chesson et al., 1986; Theander, 1989) .
Some noncellulolytic ruminal bacteria, when combined with cellulolytic species, can enhance cellulose digestion (Dehority and Scott, 1967; Kudo et al., 1987; Marounek and Bartos, 1987; Miron, 1991) . Similar positive effects have been reported recently with different combinations of bacteria and fungi (Bernalier et al., 1988; Joblin et al., 1989; Marvin-Sikkema et al., 1990) . In contrast, a reduction in cellulose digestion has also been observed by combining certain cellulolytic bacteria (Dehority and Scott, 1967; Miron, 1991; Saluzzi et al., 1993) .
This study was conducted to determine whether the positive or negative effect on forage cellulose digestion observed with different bacterial combinations is dependent on the order in which the individual species have access to the substrate, or whether an inhibitory substance is produced by one of the organisms. A previous study from this laboratory dealt with hemicellulose degradation and utilization using these same forages and strains of bacteria (Fondevila and Dehority, 1994) .
Materials and Methods
The ruminal bacterial strains used for these studies were two active cellulose digesters, Fibrobacter succinogenes A3c and Ruminococcus flavefaciens B34b, and the noncellulolytic Prevotella ruminicola H2b. Isolation and characterization of these organisms has been described previously (Dehority, 1963 (Dehority, , 1966 . Orchardgrass ( Dactylis glomerata) and alfalfa ( Medicago sativa) hays, both at two different stages of maturity (mature orchardgrass, MOG; immature orchardgrass, IOG; mature alfalfa, MA; and immature alfalfa, IA) were used as substrates. The forages were ground in a laboratory Wiley mill to a maximum particle size of .5 mm. Their composition is shown in Table 1 .
The Hungate (1950) anaerobic culture techniques, as modified by Dehority (1969) , were followed throughout the experiment. The fermentation medium was the same as that described by Coen and Dehority (1970) , except it contained 40% ruminal fluid and .75% substrate and was dispensed in 16-mL aliquots in 20-× 150-mm culture tubes. Preparation and inoculation procedures were the same as described by these authors. Four replicate tubes were used for all bacterial strains tested, either alone or in co-culture, to measure the extent of cellulose degradation. All fermentations were incubated for 7 d at 38°C. Sequential addition procedures included a second inoculation and an additional 7-d fermentation, after killing the organism(s) inoculated in the first fermentation. Procedures used to kill the organism(s) after the initial 7-d incubation were aeration or autoclaving, which have been described by Fondevila and Dehority (1994) . No growth was observed when medium from the aerated tubes was used to inoculate a soluble carbohydrate medium. These two methods were compared with a large-scale fermentation procedure in which the forage residue was isolated after the 7-d fermentation. Batches (300 mL) of forage media were prepared and each was inoculated with a 7-mL glucose-cellobiose broth (Coen and Dehority, 1970) culture of one of the organisms. After incubation for 7 d at 38°C, the entire contents were centrifuged twice at 2,000 × g for 20 min and the residue was lyophilized and sterilized with ethylene oxide for 24 h at room temperature in a commercial ethylene oxide sterilizer (H. W. Anderson Products, New York) as described by Shockey and Dehority (1989) . The residue was allowed to aerate for 24 h and then used as a substrate to prepare the secondstage fermentation medium, which was dispensed in sterile test tubes. Procedures for the second-stage fermentation were identical to those used in the first stage.
All the incubated tubes, blank tubes, and original forages were analyzed for cellulose by the procedure of Crampton and Maynard (1938) . For each of the forage media, five non-inoculated tubes were analyzed for their cellulose content, and the mean value was used as a reference for measuring the extent of cellulose digestion. Hemicellulose content was determined in the forages from the supernatant of their hydrolysis with perchloric acid, according to the method proposed by Coen and Dehority (1970) , reading at 520 and 660 nm on a Bausch and Lomb spectrophotometer to correct for the hexose content in the sample. Treatment with Amberlite IRA 400 anion exchange resin in the acetate form was used to avoid interferences with uronic acid. Neutral and acid detergent fiber (NDF and ADF) and Klason lignin analysis were performed as described by Goering and Van Soest (1975) .
Data were contrasted by analysis of variance using the Harvey LSMLMM statistical package (Harvey, 1987) , with least squares adjusted means. When the sterilizing methods were compared, the effects of forage, method, organism, and the interaction of forage × method were considered in the first study. In the second study, method, organism, and the interaction of method × organism were considered. In studying cellulolysis from the forages, the effects considered were forage, organism, and the interaction of forage × organism. When the antagonistic relationship was studied, only the effect of organism, replication, and the interaction organism × replication were contrasted. Treatment means were compared by the least significant difference method at the .05 probability level. Table 2 presents the adjusted means of cellulose digestion by all three organisms, inoculated either singly, in co-culture, or in triculture, for the four forages used as substrates. There were differences ( P < .001) among organisms; however, comparisons between forages were confounded by a forage × organism interaction ( P < .001). In addition, forages also differed ( P < .001); more cellulose was degraded from alfalfa than from orchardgrass, and more from immature than from mature hays. F. succinogenes was the most active of the cellulose digestors, digesting more than 50% of the cellulose in all forages. In contrast, cellulose digestion by R. flavefaciens was much lower, ranging from a low of 21.1% digestion of cellulose from IOG to 47.0% of the cellulose in IA. As expected, little if any cellulose was digested by P. ruminicola. Osborne and Dehority (1989) reported mean values of 1.5 and 6.7% cellulose digestion by this same organism from immature and mature orchardgrass, respectively. Thus, values of ≤ 10% cellulose digestion are probably of little significance. Although combining F. succinogenes or R. flavefaciens with P. ruminicola seemed to result in slightly greater cellulose digestion, only the increase with R. flavefaciens + P. ruminicola on the IOG substrate was significant ( P < .05). When F. succinogenes and R. flavefaciens were co-cultured, cellulolysis was numerically reduced with all forages as compared with F. succinogenes alone; however, the only significant reduction ( P < .05) was with the MOG substrate. When the three organisms were grown together, cellulose digestion was similar to that of F. succinogenes alone with the immature forages and significantly reduced ( P < .05) with the mature forages. Before testing the effect of allowing the organisms to have different orders of access to the substrate, it was necessary to check the validity of the procedures for sequential addition of microorganisms to the media. Using F. succinogenes as the initial organism, followed by P. ruminicola in the second fermentation, cellulose digestion in all four forages was measured. Across all forages, the means for total cellulose digestion were 59.3, 54.6, and 53.9% for sterilization of the initial fermentation by either aeration, autoclaving, or isolation with ethylene oxide treatment, respectively (data not shown). There was no significant effect due to sterilization method ( P > .05). No interaction was found between forage and sterilization method ( P > .05). A second series of experiments was run, using MOG as a substrate and sequential addition of all pairs (i.e., F. succinogenes and P. ruminicola; F. succinogenes and R. flavefaciens; and R. flavefaciens and P. ruminicola) . These data are shown in Table 3 . The only significant changes in cellulose digestion observed were P. ruminicola followed by F. succinogenes: autoclaving > aeration, and neither was different from isolation; and R. flavefaciens followed by P. ruminicola, isolation > than either aeration and autoclaving, which were not different. Across all organism combinations (overall mean), isolation > autoclaving > aeration; however, these differences were not significant ( P > .10). Interaction between organisms and sterilization method was also nonsignificant ( P > .05). Autoclaving was chosen to be used for the sequential addition experiments, because there were no consistent differences between the sterilization methods and it was the fastest and easiest of the procedures. The effect of sequentially adding a second organism upon forage cellulose digestion, compared with their co-culture in a single fermentation, is presented in Table 4 . When F. succinogenes was incubated before P. ruminicola, the extent of cellulose digestion was less ( P < .05) with the two alfalfa substrates than with the simultaneous culture of these two organisms. The only significant difference from co-culture fermentation when P. ruminicola was incubated first was a decrease with IA ( P < .05). There were no differences on the sequence of addition of these strains on any substrate. When P. ruminicola was cultured before R. flavefaciens, cellulolysis was not different ( P > .05) from that obtained with P. ruminicola + R. flavefaciens. Incubation with R. flavefaciens before P. ruminicola resulted in less ( P < .05) cellulose digestion with MOG and IOG, as compared to co-culture. When F. succinogenes and R. flavefaciens were cultured sequentially, regardless of the sequence of inoculation, the extent of cellulose digestion from orchardgrass (MOG and IOG) was increased ( P < .05) as compared with simultaneous culture. The only difference ( P < .05) observed with alfalfa as substrate was less cellulose digestion from MA when R. flavefaciens was incubated before F. succinogenes, as compared with sequentially adding the organisms in the opposite order.
Results
Based on the results obtained with F. succinogenes and R. flavefaciens, a trial was designed to study the question as to why co-culture of F. succinogenes and R. flavefaciens lowers the extent of cellulose digestion from that observed either by F. succinogenes alone (see Table 2 ) or sequentially adding the two organisms in either order. This trial was performed in two replications of four tubes per organism or combination of organisms, using MOG as substrate (Table 5) . Extent values obtained in the first replication ( I ) agreed with other data previously presented in this paper; however, results from the second replication ( I I ) were lower ( P < .001). No interaction was found for replication × organism(s) ( P > .05); therefore, mean values can be compared within organism(s). The mean value for final extent of cellulose digestion observed with the inoculation of R. flavefaciens before F. succinogenes did not differ ( P > .05) from the value obtained with F. succinogenes in single culture. In contrast, co-culture of F. succinogenes and R. flavefaciens after R. flavefaciens reduced mean cellulose digestion to the level reached by R. flavefaciens alone. When F. succinogenes and R. flavefaciens were cocultured first, neither F. succinogenes alone nor F. succinogenes + R. flavefaciens showed any further increase in mean cellulose digestion over that achieved by R. flavefaciens inoculated singly.
The inhibition between F. succinogenes and R. flavefaciens was further investigated by carrying out large-scale fermentations of MOG with R. flavefaciens alone or F. succinogenes + R. flavefaciens. The residue from each flask was isolated and used as substrate in a second fermentation with F. succinogenes. New MOG substrate was added to the supernatant from the large-scale fermentations, additional cysteine was added, and the media sterilized. Thus, two sets of media were prepared from each initial large scale fermentation (i.e., a residue medium and supernatant medium). F. succinogenes digested 8.5% of the cellulose from the R. flavefaciens residue media and 15.6% of the cellulose from the F. succinogenes plus R. flavefaciens residue media ( P < .05). In contrast, 4.8% cellulose digestion by F. succinogenes in the supernatant medium from the F. succinogenes + R. flavefaciens co-culture was lower ( P < .05) compared with 17.0% in the R. flavefaciens supernatant medium (data not shown).
Discussion
Histological and chemical differences between grass and legume cell walls (Jones and Wilson, 1987; Wilson, 1990) are responsible for differences found in the extent of degradation of alfalfa and orchardgrass by ruminal microorganisms (Dehority and Scott, 1967; Akin et al., 1993) . Also, specific capabilities of pure cultures may make them more suitable to attack different types of forage cell wall. For example, F. succinogenes had slightly higher digestibility figures for cellulose in orchardgrass than in alfalfa, whereas the opposite was true with R. flavefaciens (Table 2) . For both forages, with the exception of R. flavefaciens, maturity reduced the extent of forage cellulose digestion for both cellulolytic organisms (Hatfield, 1990) . Dehority and Scott (1967) also found a negative effect of maturity on total extent of cellulose digestion by these same organisms on orchardgrass or alfalfa media.
It should be noted that cellulose digestibility values for the three different co-cultures in Table 4 differ from the values reported in Table 2 . This variation is presumably the result of sampling forages for preparation of media as well as pipetting subsamples for each fermentation tube. The effect of forage subsampling should be minimized by only comparing digestibility values within each table, because only one medium was used for all treatments in each replicate.
As suggested by Osborne and Dehority (1989) and demonstrated by Fondevila and Dehority (1994) , the sequential addition of microorganisms after inactivation of the first organism can be a very useful procedure for studies on interactions of ruminal bacteria. Although several studies in the literature indicate some solubilization of carbohydrate as an effect of autoclaving forage in liquid media (Morris and Van Gylswyk, 1980; Graham et al., 1985; Lancaster and Patterson, 1988) , we did not find any effect of a second autoclaving on the extent of forage cellulose digestion (present study) or hemicellulose digestion (Fondevila and Dehority, 1994) .
In the earlier study on hemicellulose digestion by Fondevila and Dehority (1994) it was clearly demonstrated that the increase in digestibility was based on the sequential action of the two organisms. The first organism solubilized the hemicellulose from the intact forage and it then became available for utilization by the second organism. P. ruminicola was found to have a very limited ability to degrade or solubilize hemicellulose from intact grasses, which would agree with the present data for F. succinogenes and P. ruminicola (Table 4) , where order of sequential addition did not affect cellulose digestion of MOG or IOG. With alfalfa, cellulose digestion was greater with both organisms together, and the order of sequential addition was not different. Contrasting results were obtained with the combination of R. flavefaciens and P. ruminicola, in that no differences were found with the alfalfa substrates. However, cellulose digestion from orchardgrass was decreased when R. flavefaciens was sequentially followed by P. ruminicola. At least with IOG, these results might suggest that P. ruminicola could be exposing additional substrate, perhaps through solubilization of pectin (Osborne and Dehority, 1989) .
The culture of P. ruminicola in association with the cellulolytic F. succinogenes did not increase the extent of cellulose digestion of forages over the sum of the single capabilities of both organisms (Table 2) . This would agree with the results of Osborne and Dehority (1989) but is in opposition to what was observed by Dehority and Scott (1967) . However, the latter authors used a different strain of P. ruminicola (H8a). Miron (1991) did not find a significant increase in cellulose hydrolysis from isolated alfalfa cell walls when F. succinogenes (strain S85) and P. ruminicola (GA33) were combined.
Considerable variation was noted in the sequential addition experiments between forages, maturity stages, and organisms. However, for those combinations of R. flavefaciens or F. succinogenes with P. ruminicola, the mean extent of cellulose digestion was generally greatest with the co-culture and lowest when F. succinogenes or R. flavefaciens was inoculated first. This would be expected on the basis that the hemicellulose digesting organism might remove some masking materials from the cell wall. In addition, production of an endoglucanase by several strains of P. ruminicola has been cited by Matsushita et al. (1990) . Even though P. ruminicola does not grow on either ball-milled or acid-swollen cellulose, it can be hypothesized that this activity might be effective in combination with the other cellulolytic organisms, or give an advantage to the subsequent organism when cultured singly.
Combining the two cellulolytic strains in co-culture reduced ( P < .05) the overall extent of cellulose digestion from MOG as compared to F. succinogenes alone (Tables 2 and 5 ). Our initial hypothesis was that both organisms compete for degradation sites, and that the first organism might modify or block the substrate structure, making it inaccessible to the second organism. However, R. flavefaciens and F. succinogenes apparently adhere to different plant structures (Latham et al., 1978) and do not compete for attachment sites (Bhat et al., 1990) . Furthermore, the theory of altering the substrate structure has to be discarded because the extent of cellulose digestion from both MOG and IOG increased when the organisms were added sequentially, in either order. The results presented in Table 5 suggest that R. flavefaciens represses the cellulolytic activity of F. succinogenes or its growth, and this phenomenon only occurs when both organisms are simultaneously present in the fermentation media. Data from the large-scale fermentation in which two media were prepared (residue and supernatant) after the initial fermentation by R. flavefaciens or F. succinogenes plus R. flavefaciens substantiate this explanation. Digestion of the MOG residue after fermentation with F. succinogenes plus R. flavefaciens was not inhibited; however, the supernatant from the large-scale fermentation, after autoclaving, was inhibitory to digestion of fresh MOG substrate as compared to the supernatant for the R. flavefaciens fermentation.
When R. flavefaciens and F. succinogenes were cocultured on either barley straw or clover, R. flavefaciens rapidly outgrew F. succinogenes, forming a major portion of the microbial biomass (Saluzzi et al., 1993) . Using 16S rRNA nucleotide probes, Odenyo et al. (1994a,b) found that in co-culture R. flavefaciens outcompeted F. succinogenes when cellobiose or cellulose were the substrates; however, F. succinogenes showed better growth when alkaline hydrogen peroxide-treated wheat straw was the substrate. In other studies, R. flavefaciens was found to have an antagonistic or inhibitory effect on fungal cellulose digestion, whereas no such activity was observed for F. succinogenes (Irvine and Stewart, 1991; Bernalier et al., 1992; Roger et al., 1993) . This inhibitory effect was investigated further in two separate laboratories (Stewart et al., 1992; Bernalier et al., 1993) and it was found that the fungal antagonistic factor was present in the cell-free supernatant from cultures of R. flavefaciens. In both instances, the inhibitory activity was heat-labile, protein or polypeptide in nature and only active when the fungus is grown on cellulose. This latter observation suggested that the inhibitory factor hinders attachment of the fungi to the substrate (Stewart et al., 1992) .
When Odenyo et al. (1994a) grew R. flavefaciens and R. albus together on cellobiose medium, R. flavefaciens generally could not be detected 2 to 3 h after inoculation. In contrast R. albus and F. succinogenes grew together readily. The inhibitory substance(s) produced by R. albus was present in the cell-free culture supernatant and was destroyed by treatment with pronase E and a-chymotrypsin; however, it was not inactivated by boiling for 10 min. They suggested that the inhibitory activity could be caused by a bacteriocin-like substance and postulated that bacteriocin production could be the mechanism that ruminal fibrolytic bacteria use to compete.
The inhibitory activity observed in this study differs from that previously reported for R. flavefaciens in at least two ways. First, it is apparently produced only when R. flavefaciens is grown in co-culture with F. succinogenes, and second, it is stable to autoclaving at 121°C for 20 min. The mechanism that triggers production of the inhibitory substance by R. flavefaciens in the presence of F. succinogenes is unknown. One might speculate that F. succinogenes produces a metabolite that in turn stimulates inhibitor production. Although most bacteriocins are inactivated by autoclaving, at least one has been reported that is resistant to heating at 120°C for 15 min (Jetten and Vogels, 1972) .
Implications
Results of this and previous studies provide specific examples of synergism and inhibition between individual ruminal bacteria. Synergism in the utilization of hemicelluloses and pectin from intact forages has been shown to result from the ability of one organism to degrade or solubilize the polysaccharide, which is then utilized by the second organism. The inhibition between F. succinogenes and R. flavefaciens seems to be the result of production of an inhibitory substance by R. flavefaciens, but only when grown in the presence of F. succinogenes. How these activities and relationships between individual species might affect overall ruminal fermentation is unknown at present. Also, we cannot overlook the fact that both the protozoa and fungi have some role in ruminal forage digestion.
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